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PREFACHE .
This final report of efforts for the UAH-MSFC/NASA Cooperative Agreement
Modification No. 1 (Thermal Engineering Research) presents the results of the
following proiects for the period from September 1971 through May 1973:

PROJECT I  Analytical Treatment of Gas Flows Through Multilayer
Insulation

PROJECT I1 Study of Deposition Model of Frost and Ice From Humid Gas
in Ducts

PROJECT IX1 Analysis of Thermal Environment in the Thrustor Cavity of
Space Vehicles

Due to the diversity of the projects' requirements, the projects were assigned
to three teams of research personnel. Under the general supervision of the
Principal Investigator, the responsibility of technical direction for Project
I was assigned to J. T. Lin; Project II was originally assigned to R. W.
Blanton, and subsequently to C. C. Shih; Project II] was assigned to J. J.
Brainerd. Project I was carried out solely by J. T. Lin with minor assistance
from the F&TE Lab staff. The bulk of work for Project II was carried out by
B. K. Singh, then Bhuminder Singh. Project III was conducted mainly by Jim
Chiou under proper technical guidance.

To make the success of this study possible valuable assistance was pro-
vided by the following staff members of the Fluld Dynamics Laboratory at the

F&TE Laboratory of The University of Alabama in Huntsville:

Margaret P. Cuthill Carol Holladay Debbie Maples
Tommie McMeans Don Miller Barbra Oedamer
Thomas A. White and other undergraduate lab assistants.

The computer laboratory, instrumentation laboratory, and machine shop of
The University of Alabama in Huntsville also provided useful assistance to

the projects.

Cornelius C. Shih
Principal Investigator
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ABSTRACT

A theoretical investigation of gos flow inside a multilayer insulation system
has been made for the case of the broadside pumping process. A set of simultaneous
first-order differential equations for the temperature and pressure of the gas mixture
was obtained by considering the diffusion mechanism of the gas molecules through
tha perforations on the insulation layers. A modified Runge-Kutta inethod was used
for numerical experiment. The numerical stability problem was investigated. It
has been shown that when the relaxation time is small compared with the time period
over which the gas properties change appreciably, the set of differential equations
can be replaced by a set of algebraic equations for solution. Numerical examples

were given,and comparisons with experimental data were made.



Nomenclature

A area of one insulation layer (one side)

a total area of perforation on one insulation layer

a' a'=(1-¢c)A

c perforation coefficient ¢ = ao/A

k Boltzmann constant

1 number of interstitial spaces between insulation layers

M number of kinds of obsorbed gases plus 1

m mass of a gas molecule or an integer

N number of gas molecules

n number density of gas molecules or on integer

P pressure

Q, q,R outgassing rates, see Equations (4), (7), and (12)

T temperature

t time

v volume

v mean thermal velocity of gas molecules

8 number of degrees of freedom of a gas molecule

T .eloxation time

Subscripts: subscript ¢ refers to quantities inside the vacuum chamber; f
to condition of the fuel tank; a to atmcspheric condition; other
subscripts refer to quantities in a certain interstitial space

Superscripts: superscript 1 refers to the purge gas, other superscripts refer

to a certain kind of gas molecules



1. Introduction

Recent developments in propulsion technology have stimulated interest in
the study of multilayer insulation systems“for the fuel tank of a rocket booster. The
purpose of multilayer insulations is to eliminate heat conduction between the fuel
tank and the environment. It is then desirable that the spaces between the insula-
tion layers be maintained at low pressures. However, it is not practical to require
complete vacuum in the spaces between the ins:!ation layers, atthough it would be
ideal in principle, for the reasons that complete vacuum is hardly attainable and
that when the pressure gets too low, deformation of the layers would cause solid
contacts, which in turn would induce hect c‘onducfion. Tt is therefore customary
in practice to require a pressure to be of the order of 10-4 torr. This low pressure
is usually achieved before launch from the ambient pressure by some pumping device.
There have been two pumping procedures in practice; namely, the broadside pumping
by which the direction of gas flow is perpendicular to the insulation layers, and
the edge pumping which causesthe gas to flow parallel to the layers. Experiments
of both evacuation procedures have been performed and results reported. 1.2,3 The
present work is a theoretical unalysis for the broadside pumping process.

In the case of broadside pumping, the insulation layers are perforated so
that gas molecules can go through small holes on the layers, resulting in streaming
gas motion perpendicular to tne insulation layers. It is obvious that, in order to
minimize layer deformation and solid contacts, small pressure differentials across
the layers should be maintained during evacuation. This can be achieved by small
perforation, i.e., the total area of the holes on an insulation layer is small com-
pared to the total area of that layer. 1f we further require that the diameter of a
single hole besmall or comporable to the distance between two successive layers,

there is the advantage of uniformity of gas motion, which renders convenience dur-

ing operation.
*h
A multilayer insulation system consists of a large number, (in the order of 102) of

extremely thin sheets of low thermal conductivity and lightweight materials, kept

parollel to one another with a total thickness of about 1".



2. Formulation

Consider a fuel tank of simplc gcometry wrapped with multilayer insulation
and situated inside a vacuum chamber. Consider the broadside pumping process
and assume that the perforation arcas are small. Then, a gas molecule in any inter-
stitiol space between two successive layers will, on the average, collide many times
with the walls or with some other gas molecules in that interstice before getting
through o hole to a neighboring interstice. Thus, it is plaussible to assume that the
gas in any interstitial space is in thermal equilibrium with the terperature and
pressure pertinent to that interstice, and the motion of the gos is simply o diffusion
process.

Consider the gas inside the insulation system as a mixture of a certain kind
of purge gas and o number of different kinds of gases originally absorbed in the in-
sulation materials. Let A] be the total area of the outermost insulation layer (one
side), and < the perforation coefficient of the same layer (the ratio of the total
perforation area on the first layer to A] ), and so on. Let V] be the volume of
the interstice between the first and the second insulation layers, and N] the number
of molecules in V]. V, the volume of the interstice between the second and the

2

third insulation layers, and N, the number of molecules in V,, and so on. Since

2 2
the gases in any interstice are in thermal equilibrium, each component gos has a
Maxwellian distribution with its local density and the common local temperature.

From the kinetic theory of gases, we have, for the gases in the i th interstice,

i-1 Vi-1 ™

G)
N (,,(i) Mo
dt 4

G) ";G))




Z

M
-d;"_ ( kT, Z 60) Ni(i))= :}— E k 50)(";(2 Vi(.J:)]T;-]-niG)ViG)Ti)

i=1 =1
T °;4+l ,MZ:I ké(j)(“igi "iqr)i Ti+l'"iG)'iG)Ti)
R i k68 1 (ot vat,) o
i=1
i=1,2---L-1. (2)

where a, = c, A; ' ¢:n'i =(1- ci)Ai , k is the Boltzmann constant, & the num-
ber of degrees of freedom of motion of a gas molecule, ni, v, and Ti are the number
density, the mean thermal velocity ond the temperature of the gas molecules in the

i th interstice, respectively. The superscript j refers to the purge gas if j =1,

or the absorbed gas of kind j otherwise. The number of interstitial spaces is L,

and the number of kinds of the absorbed gases is (M~1) so that

Firally, 0 (j=1)
q = (4)
number of outgassing molecules, of kind j from the
| walls binding the i th interstice, per unit area and
time (j #1).

Equation (1)states the conservation of mass and Eqs. (2) the conservation of energy.

3



Since the L th interstice is ncxt to the fuel tank, we may assume that

°L 1 =0and TL =Tf, where Tf

stice 1is the outermost, denoting the number densities, the mean thermal velocities

is the temperature of the fuel tank. Since inter-

ond the temperature of the molecules in the vacuum chamber by nc(J), v (")und
. . . . c
T , respectively, we have n i) =n (J), v () = v (J)ond T =T_. Notice thot
c ) c o € ). c
as the volume of the vacuum chamber is very large, n, (i# 1) areincreasingly

smnaller compared to nc(]) at all times and we may assume that nc(i)=0(j#l).
By making this assumption, v, G # 1)becomes meaningless aad it drops out Lrom

Eqs. (1) and (2) automatically. Therefore, in Eqs. (1) and (2), we use

a =O,T=T,T’T,v(])=v(])
(o] Cc o

L+1 L f c

(5)
no(l)=nc(]) and no(i)=0 (j#1) .

Following p; =0, k Ti » where P; is the pressure in the ith interstice,

we may assume that

M
Pi(')- ni(‘) k T, so that p; = 2-:] pi(i) (©)
i=

which is plaussible when the pressure is not too high.
Using Eqs. (3)and (6), i1 the outmassing rates are cxpresse! in the
customary units of pressure times volume per unil area and time denoted by

Q.0 = k1 o @ 7)

then, Egs. (1), (2), and (5) can be written as



L %41 (P.n O vtd,)
Ti‘*‘] it TI i
L
* (“'i ' °'i+1) T:
i=1,2 ---,L; _:=Il2l---l M. (8)
M . dp.G) a, M . 0 . . i)
vijz-‘-l 50)_&"’ 2'4—'; o0 (pi(l-l vi(i)l "Pi(') "i(j)

M
. o;4+1 Z 5@ (piq)l .\,ﬁ)} i pi(n vim)

M
' Z 6 0 (°'i+°'i+l) Qi(n

1121---IL-]' (9)

a =0, T, =71,7 =TIV(‘)=V(')
f'o ¢ o * ¢

L+ L

(10)

0D e o ® s o O =0 (551) .
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(1)

The mean thermal velccities arz given by

where P, is the chamber pressure due to the purge gas.

BK T, 1z

i —TT_—_W‘ ,i:':o’ ]I---IL;j=][21_--,Mo (]])

m

where m(‘) is the mass of o molecule of the jth kind.

To obtain a solution to the problem, the outgassing rates Qi(]) must be
-7

»

known a priori, usually determined experimentally . I Outgassing is a process

in which gas molecules originally adsorbed or absorbed in a solid material leave

that material under reduced pressure or elevated temperature. The outgassing rate

of the insulation layers depends on the material and preconditioning of the layers,

the temperature, the pressure, the time and the kinds of absorbed gascs.> > a
specific material and precondit ioning and a specific absorbed gas, Qs+ _i(j)
(Typst). Around the room temperature range, there is not outgassing at atmospheric
or higher pressures. Outgassing occurs when the backp-ound pressure is reduced
considerably below the atmospheric pressuce. The outgassing rate increases as the
pressure decreases and attalns apprecible values only at very low pressures.
However, in very low pressure ranges, the outgassing rate is a weak function of

pressure. Therefore, its dependence on the pressure may be approximated by

QG)= 1 - = RG)(T,f) (12)

i Pq

where P; = jﬁl Pi(J) ' Py is the atmospheric pressure and R(') is  the out-

_gassing rates at extremely low pressures.

wh®
The absorbed gases are mainly water vapor, with small amounts of CO2 and

N2 (Ref. 7).
6



The initiol conditions associated with the system of Equations (8) and (9)
are prescribed according to a specific situation encountered. Usually the evecuation

process starts with atmospheric pressure inside the insulation system. In this case,

the initial co=ditions can be written as

pt(]) (0) = P, * p_(i)(o)= 0G#1)i = 1,2, ---1L

(13)
TLO=T6, i=L2=--~L-1

Now, with the (M + 1)L - Tinitial conditions givenby Eqs. (13) or pre-
scribed otherwise,and with the oulgassing rates -'L(i) known, and by using Eqs.(10)
and (11), then Eqs.(8) and (9) constituate an apnropriate set of (M+1)lL-1simul-
taneous flrst order differential cquations tor the same number of unknown
funct fons of time,namely,T{(t)k=1,2,~-l=1 and pl(j) (t),i=1,--,L;j=1,-~,M.

In some engineering opplications, e.g., the Apollo Telescope Mount insula-
tion, the temperature is quite uniform across the entire insulation system, and the
gas flow inside the system is nearly isothermal . In this case, the problem reduces

to the solution of Eqs. (8) with Eqs. (10) and (11), and the initial conditions (13),

when all temperatures are set equal to a constant.



3. Numerical Analysis

In @ miltilayer insulation system, the number L usually isof the order of
102. Thus, the governing Eqs. (8) and (?) consist of a large number of first order
differential equations which are nonlinear and coupled. The arslytical solution
of this system of equations can hardly be obtained: thervfore, onc uxes a direct
numerical method for its solution.

For simplicity in numerical experiments, we took an isothermc! case, and
assumed water vapor was the only absortbed gas present (M =2).  Furthermore,
a hypothetical R @ (To, t) and chomber conditions were used. When the temperature
is constant, the energy equations (Eqs- (?) ) are not needed, and the problem r~duces
to the solution of Eqs. (8) with initial conditions (13). In the process of numerica!
computation, however, the problem of instability occurred. A numerical program
using a modified Runge-Kutta method 8 has been set up for this initial value problem.
Computer experiments on this scheme showed that the system was stabie when the
values of TiG) = (4 Vi /oi) ("m (")/8 k To ) 1/2 , which have a dimension of
the time, were large. However, in order to establish numerical stability for small
values of Ti(j) » the step sizes of integration had to be <o small that a solution could
not be obtained with a reasonable length of comnuter time. Since in ordinary ap-
plications the values of Ti(i) are very small, we need to seek some altemative or
approximation to the system of Eqs- (8), (9) and (13).

For the case j = 1, Eqs. (8) can be written us

1 ]
dpi(l) pi(1) a1 Pi(-])l pi(l)+ pi+(|l) Pi()
dt [ dr i -1 T fivl Yt 1 Tip

(14)

where 1. = T(ai,Ti)=(4vi/oi)(ﬂm(])/8kTi)‘/2, ) = Tl Ty

Ti+l = T(°i+ 1 Ti + 1) ond Tip = T(oi"'l' Ti) have a dimension of the time,

and where r, =7. /T, ,and r, =T1,/T, are dimensionless quantities
i i i i+ i° it

-1 1 1

or order 1.



Let the largest of all the four T's defined above be T m " Define the non-
dimensional temperatures and pressures as T'i = Ti / Yoo where T is a reference
temperature (say the room temperature), and p'i = p(li)/ Py Let T be the time
period over which 'l"i ond pi' change appreciobly, and define the non—dimensional
time as t' =t/1’e o that d 1"i / dt' and dp'i /dt' have magnitudes of ordor
1.

In terms of T'i, p'; and t', Egs. (14) can be written as

LF ['a-l S-1P5-1 7 6 ":p)";*’;ﬂ‘m";n] (13)

where 5. = T / T. etc., are dimensionless quontities of order 1.

We see thot P is a measure of the reloxation time. If T << T’ the
two terms on the left hand side of Egs. (15) are vanishingly small compared to any
term on the right hand side, since the mognitudes of the two terms inside the bracket.
on the left hond side are of order 1. In this case, component 1 of the gas mixture
in the i th interstice is "quasi—steady®, which means that ot any instant component
1 in interstice i con be considered instantaneously steady and the derivative terms
in its go 'emning equation can be dropped. This argument cpplies to al! other com-
ponents of the mixture in every interstice, i.e., it applics cquailv well to each
equation of Eqs. (8) for cases j #1 and Eqs. (9) individually.

As a final step towards completion of this argument, fet 1< m < L ond

p :
1 € n < M be two integers such that Tm‘n) is the larges: of all - i(J) defined by

. ‘ 1/2
TiG’= “Vi/";) (Wm(')/eni) (16)



Then, the reloxation time of the gas mixture in the entire insulation system T

() :
isbounded by L 7 m i-e.,
r < L@ (17)
s — m
Denoting the time period over which the properties of the gas mixture change
appreciably by T,s we con drop. all the derivative terms in Eqs- (8) and (9)
simul toneously if
) <
‘I’s or L Tm T' . (18)

Thus, this system of differential equations reduces to a set of algebraic
equations.

Now, for ordinary engineering applications, Ts is of the order 10-2 ~
10-] sec., while T is measured by hours. Therefore, condition (18)is usually

fulfilled, and Eqs. (8) and (?) reduce to

GQ) @) @)
e\ S S T O I '
‘ (°i+°i+]) T'% (T vi-(ll T T "i(l))

i i-1 H

G) )]
Pit ] ) P (;)) _
" % (’f—;— L A A A

i=I,2'---IL;j=llzl---l M. (19)

,-21 4696 o 100 o ,ﬁ 0 (588 - 5,0.,0)

Y% ﬁl o0 (pigl) "igl) i PiG) "i(i)) -0
j=
i=112'---lL-]' (20)
i



As Eqgs. (19) and (20) are cigebiaic equations, there is no need for the pre-
scription of initial conditions.
To obtain the solution for a particular problem, we first chcose a sequence

of the time (t], tay ===, fn). The solution at any chosen time, say ty is ob~

tained by solvinngqs. (19) and (20) with the chamber conditions and fuel tank
temperature at H (see Eqs. (10) ) and RG) P t]) (see Eq. (12) ) which are
pertinent to that problem. After we finish with the time sequence, we have the
pressures and temperatures in ali the interstices of the insulation system as functions

of the time. If the process is isothermal, one only has to solve Egs. (19) with the

relevant chamber conditions and outgassing rates.

11



4. Numerical Results and Comparison with Experimental Data

For the purpose of comparison with experiment, we choose examples,the
experimental data of which are available.

A circular disk of 1" thick and 6" in diameter is composed of a variety of
numbers of insulation sheets of crinkled single-aluminized mylar. The edge of the
disk is sealed with a solid insulation sheet (i.e., without perforation). The last
layer (the back sheet) is also solid, but the rest of the insulation layers are per-
forated with a perforation coefficient equal to 0.0138. The perforation holes are
0.09375" in diameter. The distance between two adjacent holes is 0.707" center
to center.

The disk is placed in a large vacuum chamber. The chamber and hence
the multilayer system (i .e., the disk) are maintained at room temperature all the
time, so it is an isothermal process. At the beginning of the experiment, the
vacuum chamber ar.d the multilayer system are filled with nitrogen (purge gas), and
the pres+..e inside each interstitial space between two successive insulation layers
and the pressure in the chamber are atmospheric. The chamber is then evacuated.
The pressure in the chamber and the pressure in the last interstice of the insulation
system are recorded as time proceeds.

The outgassing rates, RG) os functions of the time, of the insulation sheets
ware ob.aiaed before hand by separate experiments. The outgas components are
mair': water vapor, with small amounts of nitrogen and carbon dioxide. For sim=~
phicity, we assume only one kind of outgas (water vapor) present, i.e., only R(z)
has non-zero values. The outgassing rate R 2 (t) of crinkled single-aluminized
mylar is shown in Fig. 1.

I~ our analysis, we use a set of R(2)(t) volues at different times successively .
To obtain the solution at any chosen time, say t)s we use the values of R(z)(t])
and the chamber pressure Pe M (t )in Eqs.(19} Thus an appropriately chosen set
of R(2)(t) ond P (1 )(t) will result in a solution of the P (t), sthe pressure hnstory of

the gas mixture msnde the multilayer insulation system. However, the R (t) values

are available only up to t =48 hours; thus,our computations have to stop there.

i2



Theoretical computation includes the pressures Pi (t) inside each interstice,
whiie only the pressure in the last interstice PL(t) , i.e., the backside pressure, is
experiaentally measured. Therefore, only the comparison for P (t) can be made.
Comparisons of the theoretical PL (t) and the experimental data are presented in

Figures 2 through 6.

13



5. Conclusions

First of all, it should be noted that the comparison between the computed

and measured values of the PL 's presented in Figs. 2 through 6 cannot he taken
serfously, since 1t is known tnat the experiment for the determination of the

- N
outgassing rate was not appropriately performed; thus, the values of R(“\(t)
presented In Fig. 1, upon which our calculation was based, are not reliable.%

Nevertheless, Figs. 2 through 6 serve to show a qualitative comparison and

to indicate some possible experimental errors.

It can be seen from the figures that at early times the computed PL is
much higher than the experimental values. However, the computed and the mea-
sured values are  coming closer and closer together as time proceeds,
and good agreement is established after a rcasonably long time. Since the effect
of preconditioning on the outgassing rate is likely to be a weak function of time
when t is large, one probable and important course of experimental discrepancy
would arise from different preconditionings of samples, i.e., the samples for the
measurement of PL (t) and the sample for the determination of R(Z)(f) were dif-
ferently pre-treated. Another source of error wouid be the contamination of
equipments inside the vacuum chamber.

It is believed that agreement between the theory ond experiment can be
achieved if, with special attention to preconditioning, a set of consistent ex-

periments is performed.

¥
At the time of the writing of this report, the Marshall Space Flight Center is
planning to reconduct the outgassing rate experiment.

14
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INTRODUCTION

Heat exchangers are an essential part of the process of cvoling various
components in space vehicles. Since, in any design related to space
travel, ways of reducing weight and volume are aiways of utmost importance,
a concept that would lead to light and compact heat exchangers should cer-
tainly be looked into. Ore possibility that has been suggested is the use
of cryogenic liquids as the coolant in these heat exchangers. This offers
an excellent possibiiity for improved performance and reduction in weight
and volume since cryogenics provide extremely low temperatures. This concept
appears evecz mcre attractive when one considers the fact that cryogenics are
already used as fuel in gpace vehicles and hence readily available to serve a
dual purpose. However, when humid air comes in contact with a cryogenically
cocled surface, frost foras rapidly on the surface and may eventually plug up
the system and render it useless until the frost is removed. Therefore, the
desige of such a heat exchanger would require detailed information regarding
this frost formation. This is where the purpose of this study comes in.
Cbjectives:

The basic objective 18 to study the frost formation on super-cooled
surfaces as a function of time, air velocity, air inlet and outlet tempera-
tures. This would be done analytically as well as experimentally to arrive
at empirical relations that would predict heat transfer coefficients and
rate of frost growth for different conditions.

Experimental Set-Up:

The study began with a crude experimental model (Figure 1) to gain a
perspective of the problem. The set-up primarily coasisted of a blcwer
providing air flow for the heat exchanger. The heet exchanger consisted of

two flat plates and these places were cooled by the use oi dry ice 1in an



acetone bath. However, certain problems were realized immediately. First,
the room air did not supply sufficient moisture to show a significanc frost
build up. Teats were conducted with Scott Phase Heat Exchanger (Modzl 9058)
to investigate its use as a source of moisture for the system. This equip-
ment proved to be successful in providing sufficient moisture to enabic us to
observe for the first time an actual plug-up of the air passage due to frost
build-up. Photographs of this passage were taken at different intervals.
This plug-up was observed for variocus width spacing of the two plates. 1In
order to see how thick the frost would get before it begins to act as an
insulator, it would have been recessary to have a very large width between
the plates and then maintain the humid flow aand low temperatures for several
hours. This was not poseible for the existing set-up due to the problem of
boil-off of the coolant and hence the inability to maintain cold plates for
the required duration of time.

Another problem that was realized was the fact that this set-up had no
means of recording the frost growth. Thought was given to various methods
of recording this frost growth. One such wmethod consisted of measuring
capacitance change between the plates and relating it to frost build-up.
Hewlett Packard Universsl Bridge Instruments (Model 4260A) was utilized for
recording such capacitance changes. However, it was soon discovered that the
capacitance between the plates changed not only due to frost build-up, but
was also affected by the plexiglass casing, as w 11 as any changes in the
flow rate or temperature of the air passing between the plates. It was
therefore decided that this method was not feasible.

Having realized that this set-up had no means of recording frost growth
the air velocity, humidity and teuperature, and that the existing test
section allowed too much coolant boil-off and had no provisions for draining

the water from the melting of frost at the end of ar experiment, it was



decided to design and assemble a new system and a new test .ection. A\ consider-
able amount of time was spent towards designing such a system, and the fin:~
arrangement is shown in Figure 2.

Compressed air is used as the source of flow for the system. This
eliminates the need for a blower. A pressure regulator and a gate valve are
used to control the flow rate. This flow rate is measured using a Cox Turbine
meter and a frequency counter. Pressure and temperature are recorded at this
point to convert from ACFM to SCFM. This air supply is now passed through an
8" x 10" rectangular duct where it is heated to a desired temperature by a
variable 5 kw duct heater (H.W. Tuttle Co.). Relative humidity is controlled by
using a power spray humidifier and recorded on a Serdex Hygrothermograph,
before being sent to the test section. A picture of the ~ssembled system is
shown in Figure 3.

The new test section has been designed but not yet constructed. A picture
of the proposed test section is shown in Figure 4. When assembled, this test
section will have the same two flat plates forming a rectangular passage.
However, the new concept has an air passage below and above the test passage
to circulate warm air eliminating fog formation and making it possible to
record visually, fror above, the frost qrowth at various locations along the
test section. Liquid Nitrogen will be used instead of dry ice to provide the
cryogenic temperatures. (The boxes contaln the spray-on foam insnlation
(SOFI) to reduce boil-off.) This niw test scction has an easy arrvangement for
changing the spacing of the two plates without disassembling the whole thing.
The handles that hold the plates in place travel in grooves and simply need
to be moved in or out to change the width of the gap.

Analytical Study:

The analysis of an approximate model for the growth of a depos’:ed laver

on the crycgenic surface has been initiated, the details of which have been



previoualy reported in an interim report (Mod. I, Project II, October

1972).
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FOREWORD

The work described in this report is part of a continuing effor.
being carried out at UAH. The participants in this study have maintained
a close liaison with !.c. Bob Fisher and Mr. Jerry Vanneman of NASA-

MSFC, . The purpose of this close liaison has been to discuss
problems, results, and new techniques in order that the results of this
study be as beneticial to this group as possible. (bnsequently, many
informal recommendations have been made, which may or may not be

formalized in this report.
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INTRODUCT ION

1.1 The Problem

The problem to be studied stems from the requirement for tre contrsl
system thrustors of a space shuttle type vehicle, necessary for exo- .mospheric
flight control, to be buried within the heat shield of the vehicle so that
interference heating will be reduced during flfght in the atmosphere. The
geometry of a typical installation is illustrated in Figure 1. During
atmospheric flight, the non-firing thrustor nozzle is simply a cavity in
the surface of the vehicle. The interaction of the hypersonic external flow
with the cavity produces excese local heating which must be ameliorated.

Mechanical systems, such as a cover that slides over the nozzle exit,
and active cooling systems introduce other problems besides adding undesirable
weight ard complexity to the vehicle. The simple expedient of increasing heat
shield thickness in the region of the cavity would ultimately imply additional
ablation in the area and a probable change in nozzle size or shape from flight
to flight. This may require additional refurbishment before each flight.

This study, therefore, is aimed at determin‘ng the mechanisms involved in
producing the high local heating rates in and around the thurstor nozzle in
non-firing condition. In such a case, the nozzle is treated simply as a cavity.

1.2 Literature Survey

A survey of the literature on this and related problems has revealed
that very few results applicable tc this particular problem are avallable. Of
the papers reviewed, only those referenced in this report appear to have direct

consequence for this study.



1.3 Experimental Program

A test program, conducted at AEDC by personnel of General Dynamics, Corp.,
has produced some results directly applicable to this study. In order to pro-
vide a basis for comparison or for development of empirical relations, a short
study was made to compare the flow conditions in the wind-tunnel studies with
flight conditions. Of particular concern was the question of whether the
boundary layer ahead of the cavity was laminar or turbulent in either the
wind tunnel or flight regimes. A map of these conditions is shown in Figures
2 and 3. The wind tunnel conditions are for the von Karman Facility, Tunnel

2
B, at AEDCl. The flight conditions are for a typical reentry corridor, with
no special attempt tc relate the reentry trajectory to the space shuttle
vehicle.

In the wind tunnel tests and in the flight regime, it is to be expected
that the boundary layer ahead of the nozzle cavity wiil be fully developed
and turbulent. In flight, but not in the wind tunnel, the boundary layer
probably would contain significant amounts of ablation products. No attempt
is made 10 account for the influence of ablation or surface heating ahead
of the nozzle area, except to account for the total temperature profile through
tne boundary layer and, hence, the total pressure profile.

Since the analysis of the experimental data is being carried out at
General Dynamics, no general discussion of the results will be made here. In
so far as possible, comparisons of the results of this study are made with

3

the raw data of the experiments. These confirm the qualitative features

of the flow derived from theoretical analysis.



ANALYSIS

2.1 Fundamental Features of the Flow

In the flight vehicle, the thrustor nozzles are to be installed in
curved surfaces. Presumably, the local radius of curvature of the body
will be sufficiently large cf. the nozzle diameter so that the effects of
surface curvature will be at most of secondary importance in this problem.
The wind tunnel test program centered mainly on axially-symretric nozzles
set into a flat-plate model. In this study, only one basic configuration
is considered. This is the axially-symmetric nozzle cavity set into a flat
plate with the nozzle axis normal to the plate surface, as in Fig. 1. The
Zlow would be two-dimensional in the absence of the cavity. The disturbance
produced by the cavity is three-dimensional, which greatly adds to the
complexity of the problem.

Sketches of a two-dimensional cavity flow and the central plane of the
present problem are shown in Fig. 4. 1In the two-dimensional problem, the
boundary layer separates from the upstream edge of the cavity. The dividing
streamline leaves the separation point and intersects the downstream surface
of the cavity, at a stagnation point. The location of the stagnation point
depends upon several parameters such as cavity height and cavity width, But,
in the steady state 2-D solution, the stagnation streamline is the separation
streamline. The flow within the cavity circulates about a vortex core,
driven by the shearing stress along the dividing streamline.

In the three-dimensional case, fluid may move in the y direction so that

a net mass may be injected into the cavity in the central plane. In a steady



state, the mass flowing into the cavity near the center line must flow
out of the cavity at some distance from the central plane. The symmetry
of the cavity clearly shows that stagnation should occur only in the
central plane, so that the lateral flow would be expected to occur. The
injected mass flow would increasze the angular momentum of the flow in
the cavity, theraby strengthening the vortex within the cavity. This
vortex must exit the cavity with the outflow and be wa: hed downstream.
The resultant vortex shape is reminiscent of the classical horseshoe
vortex of a iifting wing of finite span. (Fig. 5) A crude model has

been devised to indicate the influence of this vortex on the pressure
distribution in the neighborhooh of the cavity. The model is discussed
in some detail in the next section of this report, ircluding a comparison
with experimental results. No attempt has been wmade to include com-
pressibility effects, or the interaction of the trailing vortex with the
boundary layer.

The strength of the vortex witnin the cavity is difficult to ascertain.
Values may be inferred from two-dimensional results, but great care must be
exercised in order to avoid erroneous conclusions. A discussion of two-
dimensional and axially symmetric (annular cavity) studies is presented in
a succeeding section of this report. As a result of these studies, some
tentative conclusions may be drawn, particularly in reference to future
experimentation.

2.2 Horseshoe Vortex Model

The vortex within the cavity in the three~dimensional case must extend

"to infinity," close on itself, or end on a solid wall, according to a theorem



due to Helmholtz. It has also been shown that in viscous flow, a vortex
line may end on a solid boundary only at a stagnation point. Consequently,
the vortex generated in the cavity in the case under consideration must
have the form as described earlier (Fig. 5).

The horseshce vortex must be one of the dominant features of the cavity-
boundary layer interaction. The flow induced by the vortex would modify
pressure distributions and velocity fields to a significant degree. Viscosity
and compressibility would modify these effects, of course.

A crude initial model was devised by considering the superposition of
a uniform flow on the flow due to a horseshoe vortex in steady, potential
flow. Viscosity, compressibility and body forces are neglected. The
boundary condition that there be no flow through the surface is imposed by
the method of images. The cavity was not included in the geometry.

The velocity field induced by a horseshoe vortex lying in an xy plane
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at a height z above crhe surface is given by :
1
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where ' 18 the circulation. The model is 1llustrated in Fig. 6. In com-
parison of this initial model with the actual flow geometry, the length of
gegment A-B of the horseshoe vortex is taken as being equal to the nozzle
exit diameter.

Since the image system utilized above guarantees that there be no flow
through the surface z = 0, this model shows no flow into the cavity. 1In
order to obtain a downwash velocity over the cavity opening, an additional
line vortex segment is superimposed, on the flow field in the upper half plane.
This new vortex segment is parallel to the segment AB, at a distance equal

to z, below the cavity surface. Thus the velocity vector is obtained:
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In this model the compressibility, the boundary conditions on the cavity
walls, and the boundary layer upstream of the cavity have not been taken
into account. The pressure at any point is obtained from the incompressible
Bernoulli Equation.

2.3 Vortex Strength

Since the velocity and pressure fields in the vortex model are depen-
dent upon the strength of the vortex, I, (circulation) some method for
predicting the value of I must be specified. In the absence of any theoreti-
cal study which would specify I' for the geometry of this problem, an appeal
is made to the qualitative similarity between the flow in the plane of
symmetry and the flow in a iwo-dimensional problem.

Butggraf5 has given the following relation for the vorticity, w, in a

two-dimensional rectangular cavity:



v |0.0615 (a/X0)2/3 12
o 3)

a | (1+b/a) F?

where a is the width of the cavity, b is the depth of the cavity, X, 1is the
"effective running length" to the separation point (in our case, the dis-
tance from the leading edge of the plate to the edge of the cavity), and
F2 is the root-mean-square of the surface velocity over the perimeter of

the cavity.

The values of.F? given by Burggraf are:

b/a 1/4 1/3 1/2 1 2 3 4

F? .01092 | .01732 .03122 .07029 | .12488 | .15583 ] .17466

For constant values of U,, X,, and b, the variation of the vorticity w

with cavity width, a, may be obtained from

‘i";-—z'-‘ 1/2
1

w  fa\]Q+b/a)
— =— J (4)

w, a (1 + b/a)

2

where the subscript 1 denotes a reference condition. With 8 of taken as
being equal to b, this variation of w with a is shown in Fig. 8.

The heat transfer rate on the reattachwent (downstream) wall of the
cavity 1is given by Hodgson6 as:

3/4
q a

= (5)
q, \a

1

This variation is also shown in Fig. 8.
Burggraf's theory is based upon the plane, inviscid, incompressible,

but rotational, flow over a rectangular cavity. According to his theory,



the heat transfer rate depends only on the cavity width-to-depth ratio.
Hodgson includes compressibility. His results indicate that the heat
tranafer rate may vary with cavity width, even with b/a fixed, thus re-
vealing a scaling effect.

A comparison of the heat transfer rates on the reattachment wall
predicted by these two-dimensional theories with the rates obtalned in the
plane of symmetry in the three-dimensional tests in a wind tunnel are
shown in Fig. 9. Two items are immediately indicated by this comparisocn:

1) the test data is much steeper in the reattachment zone than that pre-
dicted by either Burggraf's or Hodgson's theory; and 2) the tests show a
decrease in reattachment heating with decreasing nozzle diameter as evi-
denced by tests with a two inch diameter nozzle, and tests with a one inch
diameter nozzle. Hence, scaling may be a very important factor in the appli-
cation of the wind tunnel test results to the flight vehicle.

The vorticity predicted by Burggraf's two-dimensional theory was taken
ro predict the circulation I' of the horseshoe vortex in the three-dimensional
model discussed earlier. The pressure distribution obtained from this
model are shown in Fig. 10. Experimental results, shown in Figs. 11 - 21,
show qualitative agreement.

2.4 Experimental Results

Tests of the axially symmetric nozzle cavity in a flat plate at various
angles of attack, were conducted in the AEDC-VKF Tunnel B, for various
Reynolds Nurbers and at a nominal Mach Number of 8. Wind tunnel operating

conditions for the various tests are liste: in Table I. The flow conditions



on the flat plate for the ten cases shown in this report are listed in
Table I1. 1Isobars and isotherms in the vicinity of the cavity for these
ten cases are shown in Figs. 11 - 21.

The major qualitative features of the pressure field in these tests
are predicted by the horseshoe vortex model of the flow. Of particular
interest in this respect 1s the high pressure zones just outside the cavity
at 6 = 0°. Where the theory shows a decreasing pressure, the experiment
shows a low pressure on the cavity 1lip and a rising pressure downstream.
This discrepancy could be due to separation as the reattached flow tries
to nesotiate the sharp lip of the cavity exit. In any event, the agreement
is remarkable in view of the crudeness of the theoretical model. This
clearly demonstrates that tne horseshoe vortex is the key feature of the
flow field.

One aspect of the test results is very interesting. In an effort to
reduce the peak heating rate in the cavity, which occurs at the reattach-
ment point, cold gas was bled (i.2., at low thrustor chamber pressure)
through the nozzle in cases 2 and 3. With increasing bleed rate the stag-
nation point (reattachment point) moved farther into the cavity and the
reattachment wall temperature increased. Thus the nozzle bleed aggravated
the heating problem instead of ameliorating it. The horseshoe vortex model
of the flow explains this phenomenon. Since for the bleed cases (as cppnsed
to tbhrustor firing) the stagnation pressure of the bleed gas is much, much
less than the stagnation pressure of the external flow. As indicated in Fig.

22, the recirculating gas is not much influenced by the bleed gas which

10



must separate from the downstream (reattachment) wall just above the nozzle
throat. Consequently, all of the bleed gas must be directed upward along
the vnstream wall. This injection of the bleed gas increases the angular
momentum of the cavity flow, and therefore increases the vortex strength.
The stronger vortex, in turn pulls in more of the external fiow, again
increasing the angular momentum in the cavity. The new stagnation stream-
line, moreover, originates higher in the upstream boundary layer so that it
has a higher stagnation temperature than the streamlines closer to the wall,
due to heat transfer to the plate.

2.5 Cavity Shape

Thomke’ has studied the flow of turbulent boundary layers flowing over
axially-symmetric cavities (annular grooves cut into the surface of a right-
circular cone). The experimental tests were conducted at Mach Numbers of
2.0, 2.5, 3.0, and 4.0 and wind tunnel unit Reynold's Numbers of 0.95, 1.02,
1.36, 1.43, and 1.30 million. A comparison of pressure distributions taken
at M= 2,0, Re ~ 0.95 x 10° per inch for two cavity shapes is shown in Fig.
23.

The test results clearly show that rounding the reattachmert wall pro-
duces a much flatter (almost constant) pressure distribution along the cavity
floor. Additionally, the rounded corner results in a lower peak pressure,
and the point of maximum pressure being moved downstream. These results
would imply that rounding the corner would reduce heating in or near the

cavity.

11



APPLICATION OF 2-D THEORY

3.1 Modified 2-D Theory

As indicated before, the flow over the actual thrustor nozzles andover
the axially-symmetric nozzles mounted in the wind tunnel models is three-
dimensional. But presently, there is no theoretical study on the three
dimensional cavity flow which can be used to predict the heat transfer rate
to the thrustor nozzle walls. Since, due to symmetry of the cavity, the flow
would stagnate in the central plane, the central plane would have the moat
severe heating caused by the flow. Further, the flow in the plane of symmetry
is qualitatively similar to a two-dimensional flow. Hence, an attempt was
made to utilize the existing two-dimensional theory coupled with the
experimental data, to predict the reattachment heating on the central plane
of the thrustor ‘.zzles.

From the literature survey, it was found that Hodgson's6 theory was the
most applicable to this study. The model chosen in Hodgson's theory is shown

8

in Fig. 24. 1It is similar to that used by Chung and V.egas,® who neglected

the oncoming boundary layer. The resulting expression for the velocity down

the reattachment wall is

) 1 - 0.189 exp (5.3 1)
u
d
2 1/2
- 10.6 5 —exp [-y/L (9.87 n +28.1) ]

n=1

2
9.87 n + 28.1 (6)
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The effect of the upstream bouudary layer is accounted for ithrough its
influence on the dividing streamline velocity Ud, which can be obtained
from the analysis ol Denison and Baum.9 A least-square curve fit of

r\
Denison and Baum's result has been given by C. D. Engell’ as

Uy

U

= a +af+at’+at®+af"+act (7)
e 0 1 2 3 &

$

where
S* = w/x (flat plate)
0
w = cavity width

x = e{fective running length
¢

£ = log,, (S%)

a =0.71706
0

a = 0.088707
1

a =-0.049822
2

a =-0.0020116
3

a = 0.0047757
4

a = 0.0006549
5

The expression for the local Stanton number is

BARC
st Re 12w ¢ \Yy (8)

i) @)

for air (p = 0.7), c, = 0.418, c, = 0.435, c, = 1.87 and the dividing
r

is found from Schlichting.ll

|l O o

streamline temperature Td
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/%4 Y\ v,
Td = TC x \fe (Law - TC) - Ue / Y 2Cp

The cavity temperature wa: assumed as
T = 0.5 (T +T)
c d w

eliminate Tc from Eq. (9) and (10), expression of Td is

1 1)) 2
= d U U
ZTw+(Tad'%Tw) it —7(ﬁ9_> e

[~9
Nojr~
P
+

(=g =]
o= b
~——

12
The reattachment zone length L was given by Nester,

=1
1+ .447 3 M

T
5.22 + 4.41(5‘-' - 1)
e

where Li is the value corresponding to incompressible flow,

w

L - 11-8 17/2
1 R !/
ew

with above formulas, the heat transfer rate h is giver by:

14

(9

(10)

11)

(12)

(13)

(14)



The sbove model and formulas (2xcept Eq. (11)) were obtained from Hodgson's
theory for a two-dimensional rectangular cavity. In order to apply this
theory to predict the heat tramsfer rate in the central plane of axiallv-
symmetric nozzle, simple modifications based upon empirical data were

made, leading to the following formulae:

(1\ = I 40.05 (15)
a a
/I
hh . L
ref htef (16)
;

Equation (15) accounts for the flow reattaching inside the cavity instead
of reattaching right at the corner, as in 2-D theory. Equation (16)
describes the heat transfer to the cavity wall, strongly influenced by
the horseshoe vortex within the cavity.

3.2 Zero Incidence Cases

A calculation, based on the above formula, wa. made to compare with
AEDC test data as shown in Fig. 25. For zero incidence cases, thie
wodified Hodgson's method matches AEDC test data pretty well. This
strongly indicates that the flow before the cavity was laminar during
the test of zero incidence cases. This could happen because during the
test of zero incidence cases, a slightly negative angle of attack was made
o compensate for the displacement effect of the boundary layer. And

sir.ce the growth of boundary layer is non-linear, by doing this compensation
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the boundary layer would tend to be stabilized because of a slightly
favorable pressure gradient away from the leading edge. Hence, in spite
of the high Reynold's number in the test condition, the flow may well be
stabilized sufficiently that the onset of transition occurs downstream of
the cavity.

3.3 Angle of Attack Cases

In Fig. 27, in the angle of attack cases, there is an order of magni-
tude increase in the normalized experimental heat transfer rate above the
zerc angle of attack results. This increased heating is not predicted by
the model described above. In order to find the reason for this order of
magnitude discrepancy, several lires of study were followed:

(a) External Flow Properties - The pressure data showed that there

was a weak shock ahead of the first point of the test data, which

was 7.65" from the certer of the cavities. This shock might be due
to the junction of the test plate with the leading edge. This
junction was 8.76" from the center of cavity. But calculation showed
that this weak shock did nct have much influence on the external
flow in the vicinity of the cavity and would not thereby effect
reattachment wali heating rate.

(b) The plot of actual heat transfer rate, Fig. 28, showed that

the order of magnitude discrepancy was in the actual heat transfer

rate and not due to a poor choice of href'

(¢) Since the parameter which characterized the Hodgson's theory is

the velocity along the dividing streamline, a calculation, which did

16



not include the empirical factor of 0.5 in Eq. (16), based on the
assumption of laminar flow ahead of the cavity but with increased
dividing streamline velocity, which corresponding the maximum heat
transfer rate, was carried out. The results, Fig. 29, are comparable
to the test data.
(d) Since in the test data there was no clear indication of whether
the flow before the cavity was laminar or turbulent, a calculation
of the heat trausfer rate in the central plane based on the assumption
of turbulent boundary layer ahead of the cavity was also carried out.
The dividing streamline velocity in the turbulent shear layer was
given by Lamb.la

The results of this calcilation are shown in Fig. 30. These results
were about the same as that of the maximum rate possible in laminar
flow as calculated in part (c) and were comparable to the test data.
It shculd be noted that in this calculation only the dividing stream-
line velocity was calculated for a turbulent shear layer, whereas
both the velocity in recompression zone (See Fig. 24) and the local
Stanton number were still calculated by using laminar flow equatioms.
It isa also worth noting that only a change of laminar boundary
layer to turbulent boundary layer before the cavity has brought the
heat transfer rate to the maximum possible value in laminar flow.
This reveidls the importance of the study of turbulent {low. Hence,

a more thorough study based on the consistent curbulent flow is needed

for future work.
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RESULTS

Several conclusions may be drawn from the preceding discussion:

1.

The boundary layer-cavity interaction generates a
horseshoe vortex reminiscent of the vortex system

of a wing of finite span.

The pressure distribution in and around the cavity
is influenced very strongly by this horseshoe vortex.
The influence of this vortex will extend far down-
stream, and laterally beyond the sides of the cavity.
Bleeding cold gas through the nozzle increases the
strength of the vortex and, consequently, increases
the peak heating rate in the nozzle.

The key to passive system heat protection in the
region of the cavity is the control of the vortex
strength by shaping of the nozzle. Variaztion of
cavity geometry could tend to weaken the vortex,
thereby relieving the heating problem.

For zero incidence cases, the method modified from
2-D laminar theory gives good prediction in the
central plane of axially-symmetric nozzle.

For angle of attack cases, based on the assumption
of turbulent boundary layer ahead of the cavity, the
prediction of heat transfer rate is comparable to

AEDC test data.
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The heat transfer rate on the reattachment wall
calculated based on the turbulent velocity profile

was an order of magnitude higher than that calculated

based on laminar flow.
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FIG. 1. Typical Installation of an Axially Symmetric Nnzzle in o Flat Plate.
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FIG. 4. Sketches of Flow in Cavity -
a) Two-dimensional Flow

b) Pline of Symmetry in 3-D Case
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FIC . 5. Horseshoe Vortex for Three-Dimensional Cavity Flow.

28



B ~
‘ w/
U Y2
@™ -*__ﬁ. x
X1
A -~
“J
Y 3
@ i' ¢ :
] mirrgr plgne —_—x
— -r ¢_
U @
image
vortex

FIG. 6. Superposition of Horseshoe Vortex ana Free Stream, Using Method of
Images to Enforce no Flow Through the Surface.

0
J

LAY
\J

»%
m,v ,.77/////'
additional //’f//

vortex added

FIG. 7. Horseshoe Vortex Model With Additional Vortex Segment to Induce
Flow Through Cavity Exit Plane.

29



- i w——e m pem .-

et g A i w e

.
T

.

‘”746. ( from Burggraf's report )

S

a e e

-
b
' ! .
W, : vortex strength at a/b =1 : f
H 4
; , .
. [ ] K ;
"/b - 1\
. |
, ;
[ oo ' -
i
P . . - AN
‘ wl —l —p - ’//‘
\)| - '/l
PR . d
e .
/ -
/ Tyt
/ / 5
/ . a )
‘// .
. L ao®
/ ! /', : A
/ g ?
7 N
7 :
o5 S K
/ : . 8
/ :
X , >
/ . : .
/ oG
/ B
, S
P ! , ' ’ 1w
’ v t i ’ . N
¥ | ' | 8
/. ' ' . °
/ ': -
. {l"/ : | ‘l "
] . '
i ; ~
X /8N . : :
P ' {
/ | |
\l 0
o ' al/b ] 1

i

Fige 8. Vortex strength and local heat transfer distribution

with various cavity width, assuming constant cavity depth

i

30




h(+85T,) /heref. -

e et —— e

31

x i
1 | - P ¥
case Dj/H Dj(ln PR EDCrun® |sym. | ©
5
. 1 || 2 Pk e X |10
2 1 2 | .08 62 o | 10
s ' 1 .7+10% 89 o |10
) : 1 ; g g
i L | '. ]
. i ‘ i i
, i T s t
. - J k‘ 4
, o ) J z
} ' b l X . - -
. ' s K- / ’ .
. 5
- | 1
| : |
' ' )
1.0 4
o5 ;
Hodgéon case 1 e
~——— } '
. ) : ! ’ .\"‘\.« A i
A < SRR |
/ T
T ——,
A
" - Hédgson case 3 & .. Burggraf all cases
. : . i ( i '
0 : ' >
[ ] 1.
' 5 x/Dj 0
Fig. 9COMPARTSON BETWEEN GENTRAL PLANF. REATTACHMENT WALL A TWO
DIMENSTONAL THEORIES, WHERE ANGLE OF ATTACK IS O



AGALS DINVNAGOWGAH A9 NOILNGINIS1O TENSSAVd GALDIAINM *Q] *B1d

1 dSVD ¥IANN

Coa/ Do/ e To) 90y ’

! oo
ooo.\ ' ~. 1°.
S

o ¢

207 S0t$57 59

b 2l

32



T dgSVO ¥aANn ( 3yey lemol ) ¥q, WIaWOSI

GNV ( Jut~-d £q pazjjewiou

‘jieq aaddn ) ¥vaosSI °i| *814

)
T
(8]
<

33



1 dSVD
YEIANN ‘ALIAVO 30 39503 FHL ANNOWV ANV FAISNI
SNOLLANEIWSIA ( ¥, ‘Jrey I9mo] ) FVALVIIIRAL

OGNV ( 3Jul~d Aq pazijewaou ‘jiey aaddn ) TUNSSAUL *Z| *B1a

~
"
>
G P
.W \ -3
1%
o,
)
\O.ﬁ..vn .o\Nh.
m e tesS
W g g 257
¢ e , Falt] .
98 SRS 3
e .. ” e
L. Le!
dey st D/ \ Ael ..
\NQ%\\\
|
\ _
g o4t _
no\ Jh.wb {
>
oL -
N ¢
[~
15

‘-l-l- -wa

MO'1d



7 dSVO ¥3ANn ( Frey Iamol ) ¥, WYIHIOSI
ANV ( 3ut-d £q pazyiewiou ‘jyey aaddn ) ¥vdOSI °gf *B1a

35



Z 3asvo
qIANN ‘ALIAVO 40 390F FHL ANNOYV ANV FAISNI
SNOILNEINLSIA ( ¥, ‘Jieq Iamol ) FANLVYAIREL

ANV ( Jul-d £q pezilewrou ‘Jyey zaddn ) munssaud ¥l *BiJ

=
w\
T 8
- £ h
&,5 /wﬁ.s
%
!
S25S5 G | Y Lo
s ohﬂ lﬂ.q m |ns _
Nﬁ‘ ! » L ‘--'-l'--
96 . i é-v
564/ <c? e
LYV 4 .
yl\ \1“%.\.\
. |
[ ./ L 1.
- \.\ MN—J‘ M
\ i
aﬂ _ —
(A "
g - ¢~ =
'
|

bt

36



€ ASVD MAANN ( Jiey Iemo] ) ¥, RUAHIOSI
aNV ( Jui~d Aq pezyjewmiou ‘jyey Xaddr ) ¥veOSI "Gl *31a

37



€ 45w
WAND ‘ALIAVO 30 F90F FHL ANNOYV ANV FAISNI

SNOILNGINLSIA ( ¥, ‘J1¥Y I9M0] ) FUNIVEAIWEL

GNV ( Jut-d £q pazilemiou ‘Jyey xaddn ) FUNSSARJ *9{ *B1d

3
“
2 B
. »\»7.. %N
/” ]
{
. }
P2 %
!
/g ,
T4 us
<y | o 35
*» / .
o ~nn. b 3
e . R
s . Mﬂ\
m 7 e \.\%.\
1
}
~) H
" & :
9! (.,... m
. N _
™~ [ T4 !
3 3.
2 I -

953

— e e

ol

‘-"'----'

38



& ASVD WEANA ¥, SINOZ TWUIERIOSI ° /I *314

O [

[
v

39



4 gSVD HFANN *A.TAVD FHL 30 3943 FHL
QROOEV NV FAISNI (¥,) NOLLNEIHLSIO FUNLVEIdWAL ° 81 *81a

3
I

I
_
»

<B4 K ,?MN

N (¥
\QM .Wz

.--l-"--'--s

40



¢ dSVD ¥EANN ¥, SANDZ IVREARIOSI ° 6l *°B1a

41



S ASYD ¥AANA *ALIAVD FHL JO A9dd 3Ll
UNNO¥V ANV AAISNI (¥,) NOLLMIRLSI0 FENLVIAAREL *0Z *81a

o]
. Toeg,, .
oram o s e e
h% R ,Nu.%hw,ﬂﬁ NMM
T
g s

& |

42



9 ASVD ¥AUNMA ( 3ITey aamo]
) ¥, NOLLNGINISIA FANIVUAARAL ANV ( 3ui-d £q
pazjiewiou ‘jyey 1eddn ) NOILNGINLSIA FUNSSAUL *|Z *°B14

S
Ve
o o
K&.L‘ [ g
/15 AR
! \.b. \ . %\
Hw \hn. \hm
£3 NK (s £5§ (5§
'/ &7 kb W7 ReT
., ¢!
. @o.\ o
gl o A
x“q.* . QA- .—
g v
¥

43



stagnation streamline in "bleed"

case
— - - stognation streamline in "no-bleed"
cose
#o, »

stagnation
(reattachment)
point

FIG. 22. Sketch of the Influence of Nozzle "Bleed" on the Flow in the Thrustor
Cavity.

44



ik 280 ANER A o

":-:-, /";’;’7”,:’//::;"

Developed Cavity Surface

RUN | RECGHPRESSICR £
SYA | NO. | CORNINn SHAPE “/h"c (cps)

o

WL YEIPARE g

!
0 | 37 | Rounded .o | TAcd ! .+ 9

;2‘0 0| x S3udre 1.3 Nervd v ; - - SRR L S it st "{;’“‘“ -
# 3 $ H
: ! :
A | . i3 4 \ - . I T . 3 - -
§ 3 H 3} l i ;- N 1: § ; ;
' .' b ] N ‘ . . b
f1.6] bt e h R Tt It S EPRPES S TRER B
% ) . } i o , i ' 3 . !
: . ! ! . : * ! :
| S ! AUEARNIS SN SN L
¥‘ f. : ) { ! . ’ : '
i : bl X : ; ' ' u -
toob- .ot A i ' el ' : - et
L [ t T
% ami, €1 g R >y
- .. : { ' 1y T
: TS ~ S o e e ek - R S Q o Dd“ca I
3 - ! : ! | -
S i o :0 t © @ Y0 ;. 0 O P
0.8 f .. i' ‘- N ¢ P P [4 . § 4 3.
( C , : A P
) , Py : ! i : H : :
. N ¢ H Il .
» o .- .. B : -4 }- 1 - <=b A i
i : ' : ' : * ! !
i ¢ : ' ' : ¢ ' {
H . i : { .
o.]‘: I IR } t . - . X
- ¢ .
H Seperaiion 4 Floor ; —ai . Recumpression
. §ooon o '.“ . . ‘ [N S ’ . . . | S F.C.
SR T T | i ! ‘
L : : 1 1 o ’ _’L
O Basne cadtarm - e . uiatanes o —L' -
0 o. 000 '02 f.0 P 2.*'0 ".} 3.;.

COMPAR {SU.. W CAVITY WALL PRICTURE DISTRIFUTION ORTAINID FOR T™O
RECOMPRESS ION CORNER SHAFES, My « 009

TAKEN FROM REF.
FIGURE 23

45




s car laver ////

] r—-
-~ — !
1
\ |
[

i..

recompressionr zone

‘re:t: - men' wall repion

[
y .
-“{‘H/\/’ ~bon dar la o thpe

+
=

vige 24 ilow  oleld



ref

h(«85Tq)/h

1.0

0.5

ry
)
r_._
H

[}

r . modified curve

—— e = == test data
; |
| f W~ a

— — _"  —
¢
|
i

i
1
‘ \
y
{ i
g [
\
o ‘
A 3
VL
T e ] !
\ Q. cavity (cass ()

]
§

!
A

f
D e N ey PR I —— ek

0

.5 /a 1.0
Fige 25. Comparison between modified thgson's thex and test
data for zero incidence cases

47

Y



1.0

ref

h(«85T;)/h

0.5

Oe

; {
- -'-'r—-' éattufﬁti‘ value from modified Hodgson's theory

PR
{

| '

'

At ——— e . -

0

5

O test data

R /1“ =5.9*10
e

cone angle 2

p =400 psia

T =528"R

N =11

M =6.46

L =5/8

D =1/

grom Nicoll

y/L

1,0

Fig. 26, Comparison between Modi“ied Hodgson's thecry and
test data in cone-ring case

48



ref

h(.85T¢)/h

A . 57 2, ' 9.957
ol d 0 L .2 27.97°
..-..i - ' . . 90 1.’ ‘90950
P ' 1 91 1 27.97
P o , ; modified curve
' : i : —— e e - -—’ ‘v
‘_ﬁ*wi#.“>4", i \ T test dena
F . : i | .
SRS ; ! |
20, 7y I * | .
o L , ; !
Vool ! | i
W i : i :
10.«%*“}\+’; - LTy ‘
IS S 3 - - - - -
ff?_ ‘ : ‘ ‘ . - .
. ) b :
: - ‘* \‘h\" N ! !
! . NS YO H |
P ey 4.—\ «-\—\:\ P
ol ' h \' N N
Se-— o N TN RS PUNERE '
N RN NSNS ‘9 T !
b oemed o N Iny - - S —— . -
' T | ~ ~ !’“ - ’\"'w"
. ‘ . \4; \ - . .4___ Q ‘
- : i i 4 SN p‘J‘\5' ;
- : - \
St "y 1 S ‘ - 5.7 ! _\_:*__~ —~
Lo ! : f \ ‘
PRGNS VU IR S
‘ } o | | 1 ! : |
! ; ‘
i | : B ! i
' ! ! l ! !
! | ! ! :
1. .- oo {' | : ;
. o , | | |
‘ ! ;
- { q i
[ i \ ,
o5 i -§ - i e .
, ; |
| : Tt

el
0.

.5

casp AEDC run # D
R - LA

o D ’

y/Dj

4o

Angle of Attack

1.0

Fig. 27. Comparison between Hodgson's theory and test data
with angle of attack

49



-~ .
c +
>
: Sl T
AL WA h_
Y 220 . hy
O r~ ON I~ ) ‘o .. 7. _— PO
2 NN ” Lo —
o0 , @ o !
2 J: _ .
< N L N Y S
v < . M \r 1 § - J..l
v, IR
O o ey ...m ﬂ,. L..L,”-Jrfﬁut ;L e B
J” h g S J W | i h"“ 4 .
. b —— bl 4 _ , o
g T : e e T s Y S
~ 0O - ! )
Q N Vo o) i ' / ! /
-
@ ! / /
« ~ooO “ /7 /
- - —— oot — (RPN, S .- - \.‘l\.!ll !.vnlcn).{i.r.\l\lll‘ —
/ .
A 4 ! - /
/ J /
L o
L S 7 el L
4 " .‘t._ , ! \. \d L .‘ T o
I R s S G s =
—— S SV 3 8 MU AT RS
j R 4 ' !
[ w; P> H -
t i ! . ‘k H r > :
. S SR B i _ S
g 3 ;

Auomnnuu\sunv b ajey aajsueal Ieajl

y/D

ed Hodgson's

éetween modifi

theory and test Jata for angle of attack cases

28 Comparison of heat transfer rates

Fiso

50



.-

3. 949

| __Angle of Attack’

Te

1274¢

L 18,9

5

|
|

e e

\
[,

1
e

- —————
i v

S

[ U
I

i

S I

P e
——

Ceme

~
0 |

Sy e - -

3 ou.:A ‘163°)4

y/Dj
i 30n between Modified Hodgson's Theory (v7ith increased

1.0

0.5

002 R

0.

) and test data for angle of

dividing streamline velocity

“
@
-}
<
(3]

] E 1

] [3]

(=] <

m Iy
&

(&) [ ]

o

o~

.

o0

A

()

51



h( ) 8ST°)/htef

e o —

case AEDC run # D Angle of attack

; . h|
\ ” i
- e i 1 7 57 2 ?095.
5 ; e 'S 2 27,970
. : 9 190 1 9495,
10 91 1Y 27.97

. . . ~podified curve (turbulpnce)

4

20, - |-
¢ ! i
'
0 . ‘ o= = b ey e tert data
|
|
10. ! ¢
: -
5 -
b
!
1'i
"
0.5
o |
ia "}T :.- *‘ ' —
i - 'l »{ ‘ .
i v i ‘f; ' ; , {
0.2 L : e e bt - o -.L._._I_-.L* e e ..J__.«_.«..._-.
0. 0.5 Y/Dj 1.0

Fige 30. Comparison between modified Hodgson's theory (with dividing
streamline velocity based on turbulent shear layer)and
test da for angle of atteck cases

52



